Bioleaching has lots of advantages compared with traditional heap leaching. In industry, bioleaching of uranium is still facing many problems such as site space, high cost of production, and limited industrial facilities. In this paper, a continued column bioleaching system has been established for leaching a certain uranium ore which contains high fluoride. The analysis of chemical composition of ore shows that the grade of uranium is 0.208%, which is lower than that of other deposits. However, the fluoride content (1.8% of weight) is greater than that of other deposits. This can be toxic for bacteria growth in bioleaching progress. In our continued multicolumns bioleaching experiment, the uranium recovery (89.5%) of 4th column is greater than those of other columns in 120 days, as well as the acid consumption (33.6 g/kg). These results indicate that continued multicolumns bioleaching technology is suitable for leaching this type of ore. The uranium concentration of PLS can be effectively improved, where uranium recovery can be enhanced by the iron exchange system. Furthermore, this continued multicolumns bioleaching system can effectively utilize the remaining acid of PLS, which can reduce the sulfuric acid consumption. The cost of production of uranium can be reduced and this benefits the environment too.
Introduction
Biological metallurgy technology does not have a long history in leaching minerals. Bioleaching is one of the most active technologies [1] . For introduction of bacterial leaching process at uranium leaching can enhance the kinetics of leaching and strengthen its process, bioleaching has been paid great attention in uranium industry in recent years. By this technology, the leaching time can be shortened and the recovery of minerals can be improved and the production costs can be reduced. This technology has been used in the production [2, 3] or is still in the laboratory research stage [4] . Leaching in columns simulates percolation leaching because the conditions are very similar to those in the heap [5] .
In China, bioleaching has been greatly improved in uranium industry. However, we still face some keys which greatly impact this technology's application, such as the bacteria adapting to the leaching environment, the tolerance of toxic elements in leaching solution, not well understanding the mechanism and the biochemical kinetics, and the leaching process needing to be optimized [6] . In China, hard-rock-type uranium (such as granite-type) deposits are using heap leaching widely in industry. In this paper, one of the biggest granite uranium deposits located in south China with high fluoride mineral is selected for study. In this deposit's industrial producing practice, acid is often used as irrigating solution. However, the uranium concentration of pregnant leaching solution (PLS) is low. This affects the adsorption efficiency. Another problem is that the acid consumption (about 55 g/kg) is still too high and the recovery is low which lead to the high product cost. The company who owns this deposit needs a new technology to solve this problem. So we try to use continued multicolumns bioleaching in uranium to model multiheaps bioleaching as to improve the production efficiency and reduce the production cost. Zhuguangshan mineralization belt. It has a relationship with the granite of Yanshan period in space and genesis. Uranium mineralizations are product in low level structure of tectonic fault, which mainly contain pitchblende, coffinite, fluorite silicate uranium, lead, and zinc. Table 1 shows the chemical and mineralogical composition of the sample. Elemental analysis of the sample by a wet chemical method involving hydrofluoric acid digestion and measurement by atomic absorption spectrophotometry (AAS; Perkin Elmer, Model 3100) indicated that the major constituent of the sample was SiO 2, weight of more than 78%, and the second is Al 2 O 3 , weight of 7%, and a small amount of FeO, S, Na 2 O, P 2 O 5 , MgO, TiO 2 , BaO, and so forth. Fluoride element analysis of the sample by potassium hydroxide digestion and measurement by fluoride electrode indicated that fluoride weight is high (1.8%). This indicates these ores contain lots of fluoride mineral. It can have certain influence on the growth of microorganisms. The sulfur weight is 0.16% and the uranium weight is 0.208%. This uranium ore belongs to a low grade type. The sample was also analyzed by X-ray diffraction (XRD) using a Panalytical X'Pert PRO MPD with CuK radiation (40 kV, 50 mA), equipped with automatic divergence slit, sample spinner, and a graphite secondary monochromatic and proportional detector [7] . XRD analysis indicated that silica (SiO 2 ), potash feldspar (K(AlSi 3 O 8 )), fluorite (CaF 2 ), and calcite (CaCO 3 ) were the dominant phases present.
Back-scattered electron image shows that the uranium minerals are located in the tiny fractures of the ore and they are accompanied by pyrite as shown in Figure 1 . This indicates that once pyrite is leached; the surface area of those uraninite and coffinite minerals will be greatly increased. Those tiny fractures around uranium minerals will be enlarged as well. Furthermore, when the pyrite is dissolved or, more precisely, is oxidized, ferric iron is produced which can offer good oxidizing for those reduced-type uranium minerals. Iron oxidizing bacteria are a good worker who can do this job.
In our study, a strain of mesospheric iron oxidizing bacteria (Acidithiobacillus ferrooxidans mixed with Leptospirillum ferriphilum, named B3mYP1Q) provided by our university was used throughout the investigations. It was domesticated by PLS with high fluorine concentration (3 to 4 g/L of total F). Acidithiobacillus ferrooxidans is Gram-negative bacteria [8] , characterized by nonsporulating rods, 0.5-0.6 m wide and 1.0-2.0 m long with rounded ends, and occurring singly or in pairs or rarely in short chains. The bacteria are also known to be motile by means of a single polar flagellum. All of these characteristics were observed during the isolation of the strain used. The compositions of the nutrient growth medium are from PLS at this deposit.
Experimental Bioleaching.
Leaching system consists of serial organic glass columns with a diameter of 150 mm and a height of 2 m. In the bottom of each column gravel and pebbles were cushioned at 10 cm height. The ratio of the internal diameter of the column to the height of ore is important for the leaching solution percolates more efficiently. It has been established that this ratio must be greater than 4 and not in excess of 20 in order to avoid any effects of the wall [9, 10] . As a consequence, a ratio of 10 was adopted in these experiments. In each column, the ore is built up 150 cm high and on top there are loading cobble and gravel 10 cm high. Plastic film was covered on the top of both leaching column and liquid collecting tank to reduce evaporation. The irrigation is powered by a peristaltic pump. The speed of pump is changed in the test to control the time and intensity. Test process is 120 d for the uranium leaching cycle, consisting of four columns as shown in Figure 2 . The test process and the specific implementation process are as follows: 4 columns are, respectively, set, first column (acid leaching stage and domestication stage), second column (bioleaching stage), third column (bioleaching stage), and the last column (final leaching stage). Each column acidification stage is 30 d, and domestication stage is 30 d, and bioleaching stage is 30 days and final leaching stage is 30 days. Afer 120 d of leaching, the last column was unloaded out of this system and a new column was added in. Before irrigation of the former column, the pH of PLS should be adjusted to 1.8. For comparison, a single column test is conducted at the same time. Sample volumes of liquid were extracted periodically and the pH and redox potential (Eh) were measured. The U 3 O 8 , Fe
Total , and Fe 2+ content were also analyzed.
Results and Discussion

Acid Consumption during
Bioleaching. There exist consumptive acid minerals such as calcite (chemical analysis of the weight of CO 2 1.2%, of calcite about 2.7%) in this ore. Thus, during bioleaching, the pH of irrigating solution in the column will be increased. When the pH value of irrigating solution reaches over 2.5, the ferric iron will be precipitated as goethite. As shown in Figure 3 , the pH values of PLS in the first 5 leaching days decrease very fast but are still greater than 4. In the next five days, pH values decrease slowly compared with the former 5 days and reach around 2.0 at the 10th day. This indicates that during this stage most easily consumptive acid minerals such as calcite of this ore are almost reacted by acid in the large fractures. However, some consumptive acid minerals in small fractures will be reacted more slowly. On the other hand, the mesospheric iron oxidizing bacteria of Acidithiobacillus ferrooxidans and Leptospirillum ferriphilum which are used in this experiment are more active in pH of 1.5 to 2 than in other pH values. Therefore, the pH of irrigating solution cannot be lower than 1.5 or higher than 2. When pH is lower than 1.5, the precipitation of some jarosite-type basic compounds will be found in the column [11] . These type of precipitations are difficult to be dissolved by strong acid and that will decrease the permeability of the column [12] . The uranium minerals will be wrapped up by them. As a consequence, they hinder the irrigating solution to react with the uranium minerals and the uranium recovery is decreased. In acidification stage, therefore, the acid concentration should be decreased as well. In our experiment, the concentration of acid of irrigating solution is reduced from 40 g/L to 5 g/L in 10 days for those easier reactant consumptive acid minerals in small fractures and from 5 g/L to 3 g/L in the next around 20 days for those slow reactants in small fractures. Under these circumstances, the precipitation of both goethite and jarosite-type basic compounds will not occur in the next bioleaching stage and the bacterium will grow in the column as bacteria are adapted to this pH and the culture from the irrigating solution (PLS of pH adjustment). After 120 days' leaching, the total acid consumption for each column is 45.73, 43.74, 42.38, 40.23, and 33.6 g/kg, respectively, in this type of system as shown in Figure 4 . In the first 10 days of acidification stage, acid consumption curve increases fast linearly and is up to around 30 g/kg. In the next 20 days, acid consumption increases still fast but it is lower than that in the first 10 days. And then in the next bioleaching stage, acid consumption still increase slowly because some acid needs to be added in the bacteria domestication pond for pH adjustment and there are still some consumptive acid minerals in tiny fracture which are not reacted by acid in the former stage. The total acid consumption of 1st column is highest and that of the last column is lowest. This result shows that the acid consumption is in good accordance with the column's order and this system can help to save acid consumption. Moreover, the acid consumption of the 1st column and that of the 2nd column are very similar. Because the first column is the initial column in this type of system and the acid amount of PLS from the 1st column is small, the irrigating solution of 2nd column needs to add more acid for pH adjustment using PLS from the 1st column. The acid of the 3rd and 4th column, however, can accumulate acid from the former columns. It is found that the acid consumption of the later columns will be lower than that of the former ones. In this type of ore, many minerals such as pyrite and urinate belong to reduced substances. In the leaching progress, they can be oxidized by ferric iron or O 2 of the solution [13] . In the process of acidification, reducing substances in ore are leached into the PLS and decrease Eh of PLS:
Redox Potentials (Eh) of Irrigating Solution and PLS.
As shown in Figure 5 , in each column in the bioleaching process, redox potentials increased obviously compared with the former acid leaching period, and they reach 500 mv (SCE) rapidly. After bioleaching period, redox potentials of PLS are significantly higher than the correspondence leaching solutions. This indicates that the bacteria grow well in these Journal of Nanomaterials columns. They enhance the ferrous oxidizing and produce ferric iron to oxidize pyrite and uraninite as shown in the following equations [14] :
During bioleaching period, redox potentials increase and uranium concentrations are also increased as shown in Figures 5 and 6 . With the variation of Eh of irrigating solution, the uranium concentration is varied too. Therefore, high Eh value is good benefit for oxidizing fourth valence uranium [15] . Normally, the bacteria need 24 hr of cultivation.
In this type of system, one purpose is the increasing redox potentials of this system; the other purpose is that the iron oxidizing bacteria can grow in the column. The irrigation frequency is 12 hr/day. Irrigation method is that one day we use bacteria as irrigation solution after domestication by air in 24 hours for increasing the activity of bacteria and also increasing the redox potential, and the next day we use PLS from the former column which contains ferrous iron as the nutrition for those iron oxidizing bacteria in order to help the bacteria grow in the ore. The redox potential of PLS is much lower than that of bacteria culture. For the bacteria culture and the PLS as irrigation solution changed in turns, the red curves of irrigation solution are more fluctuant than blue curve of PLS. uranium minerals are leaching because they can dissolve in acid normally. In this period, the redox potential and the concentration of uranium have no correlation relationship which are presented in Figure 6 (a). There is a big peak for uranium concentration for each column in the fifth day. However, the peak of 4th column is the highest one and that of the 3rd column is the second. The peaks for the control column and the 1st column are much lower than the later columns. This is because the later column utilized the PLS of the former column which contains ferric iron as stronger oxidizing agent. The other reason is that the bacteria can adapt more easily to the leaching environment which contains high fluorine and other toxic ions after adopting extreme toxic iron environment in former column. That is, bacteria activity was enhanced after they underwent the former column. Figure 6 (a) shows the uranium concentration of PLS with different column in bioleaching stage. The U concentration of PLS from 4th column is higher than those of others. The average uranium concentration of PLS is 67 mg/L of 1st column, 80 mg/L of 2nd column, 95 mg/L of 3rd column, and 147 mg/L of 4th column. Obviously, the average uranium concentration of PLS of later column is higher than that of the former one. This system can increase the uranium concentration of PLS. This is good for the iron exchange system to recover the uranium.
In acid leaching stage (in the first 30 days), about 65% to 70% totally were leached in the first 30 days as shown in Figure 7 (a). The major uranium mineral is pitchblende which can be easily leached by acid with O 2 . Because the PLS contains bacteria and ferric iron from the former column as irrigation solution, in this stage, uranium can be leached more efficiently which has more ferric iron or bacteria. Thus, the recovery of 4th is greater than that of 3rd column, and that of 3rd is greater than 2nd column and so on.
After 120 days of bioleaching, the uranium recovery was 81.0% for the 1st column, 81.8% for the 2nd column, 87.5% for the 3rd column, and 89.5% for the 4th column, respectively, as shown in Figure 7(b) . The uranium recovery of the 4th column is over 8.5% more than that of the 1st column. The result demonstrates that the highest leaching of base metals is achieved at low pH values under high redox conditions where ferric iron remains in solutions [16] .
Summary
The continued multicolumns bioleaching is seen to be very effective for leaching uranium. After 120 d of continued multicolumns bioleaching, the acid consumption of the last column was 33.6 g/kg, which is much less than that of acid leaching. The uranium recovery is highly leached (89.5%). The highest uranium concentration (4000 mg/L) is that from the 4th column. This technology can effectively enhance both bacteria activity and uranium concentration of PLS. It improved the iron exchange system to recover uranium. Furthermore, this continued multicolumns bioleaching system can reuse the acid of PLS and reduce the acid consumption. The cost can be reduced by this technology.
